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r1. SUM MARY OF PROGRESS AND RECOPkNDATIONS
Materials Preparation
A chemical vapor deposition system was developed, which it capable
of providing low-carrier-density high- ,mobility GaAs epitaxial layers by the
AsCl3 method. The results of investigations carried out to determine sources of
acceptor centers were incorporated i,.I o the design. Noteworthy of these was
a special hydrogen purifier unfit and use of Spectrosil in the reactor.
Analyses of resulting specimens revealed electron concentrations from 10 14 to
1016 cm-3, depending on the lot of AsC1 3 used, with mobilities at 3000K
approaching 6000 cm /v-sec.
Initial success was achieved in growing both GaAs and GaSb by solution
epitaxy, although additional work needs to be done to improve the quality of the
deposits. In particular, a significant degree of surface roughness was noted.
In the case of GaSb, the solution growth technique permitted the use of highly
antimony-rich melts--which are desirable for reduction of the antistructure
defect concentrations.
Materials Characterization
Five epitaxia,l wafers of GaAs, obtained from several sources, were
charact^rued and shipped to ERC for device studies. In addition a specimen
of bulk GaSb produced at Battelle containing 1016 electrons/cm3 was supplied.
Temperature dependencies of resistivity and Hall coefficient were measured
from 77°Y to 3040K, wlaich showed an essentially negligible concent-•ation of
deep-lying levels in the epitaxial material. This is in contrast to a melt-grcn,n
4.Ct^.
specimen of GaAs, which had a controlling concentration of deep-lying donor
M
centers at appra{imately 0.27 ev.
Heat Treatment Studies
Several heat treatments were carried out on the bulk GaAs crystal
possessing the 0.27 ev donor level, with the objective of reducing the concentra-
tion of those centers. The result in all cases was semi-insulating material.
It is felt that special consideration needs to be given to possibilities
of contaminants such as coppery oe other rapidly-diffusing impurities.
Recommendations for Continued Work
indicates
Evidence / that use of appropriate AsCl 3 will yield epitaxial deposits
with electron densities in the 1014 and 1015cm^3 range. It is suggested that
such specimens be prepared, characterized and delivered to ERC for device studies.
It is suggested that additional work be done on the solution epitaxy
techniques, with particular attention to surface smoothness. The method woule
then be adapted to the grmith of mixed crystals.
Additional studies of the effects of annealing, with particular attention
to the avoidance of contamination, and application of techniques for removal
of copper could be beneficial in connection with bulk GaAs possessing deep-
lying levels. Copper, known to be a rapidly-diffusing acceptor impurity, could
obscure any Levels in the upper half of the band gap.
t
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II. MATERIALS PREPARATION
In accord with the general work plan developed in consultation with
NASA personnel, attention first was directed toward deposition of layers of the
active semiconductor, GaAs. Initial work had the multiple aims of developing im-
proved mater:.al-preparation methods and of providing specimens for device studies
at NASA-ERC. The deposition of monocrystalline GaAs epitaxially onto mono-
crystalline GaAs substrates was performed initially via the chemical vapor
deposition technique; subsequently, investigations of the solution-epitaxy
technique and of the preparation of GaSb and of GaAs by these methods were
undertaken.
Chemical Vapor Deposition
The chemical vapor deposition of GaAs can be accomplished by any one
of several chemical reactions. Sets of reactants that have been employed include
Ga/AsC13, Ga/AsC1 3/As, Ga/HC1/As113 , 'GaAs/H 0, GaCi^/As; hydrogen has been used
as a (reactant) carrier gas in virtually all GaAs chemical vapor deposition work
described in the literature.
The reaction employing elemental gallium, arsenic trichloride, and
hydrogen as reactants was chosen fur use in this program. This reaction process
combines the virtues of a simple apparatus with a small number of required
reactants which are readily available in high-purity ford.
Although the reactions that take place are not explicitly known, it
is believed that the main reactions at the gallium source and at the substrate
are
Al
Na(1) + AsC13(v) -> 3GaCl(v)
 + 1/4 A64(v)
and
3GaCl(,r) + 1/2 As4(v) 
-> 2GaAs(s)
 + GaCl3(v) ,
respectively, with the gallium monochloride being formed in a high-temperature
zone (800-9000C) and the GaAs being formed in a lower-temperature zone (700-
7500C) in which the substrate is placed.
Another important reaction which occurs is:
2AsCl3(v) '+' 3H2(v)
	
6HC1 (v) + 1/2) As4(v)
When fresh gallium is used, the arsenic vapor appears to be completely absorbed
by the gallium until the resulting solution is saturated.
Apparatus and Materials
In initial exploratory experiments, a simple system consisting of a
commercial fused silica tube with a single gas inlet and associated ga.,-metering
equipment was employed. The apparatus used in the latter part of this period,
which is shown in Figure 1, was designed with two gas inlet tubes to permit
gas-phase etching of the substrate (in situ) with the upper inlet, and epitaxial
deposition via the lower inlet. Appropriately metered flow of AsC13-saturated
H2 was directed into the etching tube or deposition tube by means of Teflon
stopcocks in a Pyrex bubbler-flow system. Substrates could be inserted to any
position or withdrawn from the furnace by a tubular holder which was supported
in a Teflon sliding-seal. cap. High- purity synthetic silica eras used for portion$
of the reactor assembly which were exposed to high temperature, namely the
inlet tubes, the reactor tube in the heated zones, the gallium boat, and the
heated end of the substrate holder. The remaining portions of the reactor
tube and substrate holder were made ofcommercial fused silica. Polyethylene
tubing was used for all necessary upstream connections and also the exhaust
line.
L
The furnace Was constructed with two separate windings which were
Individually controlled to give the desired gallium source temperature, T1,
and deposition-zone temperature, T2. These temperatures were monitored during
the deposition runs and the substrate temperature, T s , was continually recorded.
Reactant materials used in this program were all obtained from commercial
suppliers:
Gallium - Alusuisse
AsCl3 - Texas Instruments
- Baker & Adamson
- ASARCO
Ohio Se:mitronies
Hydrogen - Airco
99.999970
99.99970
99.0
99.999+
99.999
99.95
The hydrogen was further purified by passing it through a palladium-diffusion
purifier. The AsC13 was charged into the bubbler-flowing hydrogen and then was
bubbled for one to two hours to remove any highly volatile impurities. No
further purification steps were taken with the gallium.
Procedures
Substrates used in this program are (1) semi-insulating, Cr.-doped,
for Hall measurements, and (2) low-resistivity, Te-doped, for device studies.
They were prepared for use by handlapping on 4/0 emery paper followed by
cherai.cal-mechanical polishing by hand with a 20jo solution of bromine in methanol
on a low-nap polishing cloth. After rinsing with methanol and drying on.a
"clean" b€nch, they mere etched for 5 minutes in a rotating; 50 ml beaker containing
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solution and the substrates were etched an additional 1 to 3 minutes. Following
a thorough rinsing with deionized water (> 15 megohm-cm), they were given a
20-30 minute soak in a boiling 7070 solution of ethylene diamine tetraacetie
acid in water (with enough NaOH added to give pH 7) to remove surface impurities.
After treatment with the EMA ehelating solution.,*
 the substrates were thoroughly
rinsed in deionized water, dried by withdrawing slowly from the boiling deionized
rater, loaded onto the seedholder in a clean bench, inserted into the assembled
reactor system under flowing hydrogen. The system then was purged for 15 to 20
minutes with pure hydrogen.
In a typical deposition procedure, using the reactor illustrated in
Figure 1, the furnaces were heated up with only hydrogen flowing. When the
desired temperatures were reached (850-860 0c for the gallium source and
725-735 0C for the deposition zone) the hydrogen was passed through the AsCl3
and over the molten gallium. The arsenic was completely absorbed by the gallium
as indicated by the appearance of only gallium and CaC1 3 droplets on tl,r reactor
walls downstream of the furnace end. Saturation of the meat was distinctly
Ii signalled by the appearance of a continuous, blue-metallic ring on the reactor
walls just at the furnace end; the time required for melt saturation was generally
2-1/2 hours for a 10-grom gallium charge. At this time the hydrogen was diverted
from the bubbler and the deposition-furnace temperature was increased fifty
degrees. The substrate was inserted to a position to give a substrate temperature
greater than 8000C and the hydrogen was again passed through the AsCl3 and
into the reactor via the etching tube. After 10 minutes of vapor etching
In sue, the deposition furnace was returned to its original temperature setting,
and the substrate was pulled back to the deposition position. When the substrate
temperature decreased to the desired range, 725-735 oC, the flow of AsCl3- saturated
4
hydrogen was diverted from the etching tube and passed over the arsenic-
saturated,gallium to begin the deposition. Deposition waii continued as long as
desired, and was terminated by withdrawing the substrate from the furnace.
The substrate was removed from the reactor the day ar y,%r deposition,
cleaved, and the epitaxie'. Layer thickness measured microscopically after delineating
the layer-substrate interface by etching the cleaved face in a solution of
4x20-3003 -1HF for 10-+15 seconds.
Results and Discussion
By using the procedure; described, epitaxial layers of GaAs were
readily prepared. However, a major problem which has plagued virtually all
who have undertaken the chemical vapor deposition rf GaAs was encountered;
nexely , the doping of the deposited GaAs with acceptor impurities from a, source
or sources in the apparatus or reactant chemicals. For certain applicAtions,
the presence of these acceptors (usually in the 10 14 of 1015 em-3 range) is not
of consequence since it is permissible to dope the material r,-type with sim-11
additions of selenium or tin as a regular step in the preparation procedure.
p	 For best Gunn-effect performance, however, such compensation doping is not desirable,
Accordingly,
riw-.h of the materials effort in the period covere6 by this report was directed
toward the detection and elimination of potential sources of these acceptor
impurities.
Because of the large number of possible sources or combinations ?,,f
sources of contamination in the reactor system, coupled with the limitations of
contract time and funds, it was not possible to carry out a thorough,
methodical study to pinpoint the causes of the difficulty. It is believed,
however, that the major sources of potential contamination were identified and
eliminated.
Two methods were utilized to evaluate the reaction system and associated
materials 'and preparation procedures, namely: (1) studies of the electrical
properties of GaAs prepared therewith, and (2) checks on the "thermal." conversion
of InSb therein.
These investigations ir.dl.cated probable major sources of acceptor
impurities to be :
(a) the palladium-diffusion hydrogen purifier,
(b) the commercial fused-silica reaction-system parts,
(c) the distilled or deionized water used to clean the
reaction system.
In regard to the hydrogen source, it was found that the designs of
certain models of commercial hydroj6a-r. purifiers (Englehard Industries Model No's.
BPD-20-400 and FIPD-20-1500) that were used in the initial work are such that
the purified hydrogen actue;lly a;omes into contact with a siLqiificant area of
stainless steel jacketing at the elevated temperatures. Substitution of a
different purifier in which the pure hydrogen gas is not exposed to a large
area ofstainless steel at high temperatures (Englehard Industries Model No.
0-50) produced immediate and significant improvement.
Tests with Ugh-purity n-type InSb crystals indicated that when the
crystals were heated either in pure hydrogen or in vacua in tubes or ampoules of
connercial fused silica, acceptors were introduced in concentrations sometimes
high enough to convert the material to p-type. Additional tests with tubes
or ampoules of pure synthetic silica (Ppectrosil:) revealed that acceptor doping
did not occu?, from such containers. Subsequent construction of a system in
whie'-, all of the components subject to high temperatures during synthesis were
fabricated from Spectrosil, resulted in immediate and significant improvement
iii the GaAs crystals prepared.
Although clearcut evidence was not obtained with regard to the purity
of water employed in the processing, the preparation of "better" GaAs coincided
with the above-d— ribed modifications, along with the initial use of high-purity
(> 15 megohm-cm) deionized water for thorough washing of parts of the chemical
vapor deposition reactor prior to assembly and use.
After the modifications discussed above, (100) deposits of GaAs were
prepared using several lots of gallium and three different grades of AsCl3.
Inasmuch as the best epitaxial deposit (n = 1.8 x 10 14cm-3, µ = 5860 c2/v_ sec
at 2980C) was prepared with the a-p grade AsC1 3, it is believed that material of
higher mobility should readily be attainable. It is quite probable that further
improvement shov,ld be achieved lv,hrough use of higher-purity reactants, and minor
modification of reaction procedures (e.g., choice of temp-.ratures, etc.).
Solution E i^ t^
The elemental components of the III-V compounds are near-ideal solvents
for the preparation of the compounds from solution. The compounds are quite
soluble in an excess of the elements at moderate temperatures, whereas the
elements are practically insoluble in the solid compounds. Solution growth affords
a roans of circumventing some of the difficulties associated with the preparation
from the melt of the more refractory III-V compounds. Crystals can be grown at
temperatures well below the melting points of the compounds where d composition
pressures are negligible and container problems axl e minimized.
Many of the III-V compounds and certa,; n of the III-V alloy systems
have been prepared from solution. Wolff, t al. M grew crystals of GaP. GaP-InP
and GaP -GaAs from solution in excess gallium. Stambaugh et al. (2) described
.f
a, method of precipitating A1As -GaAs alloys from aluminum gallium solution by
M
slowly increasing the arsenic pressure above the melt. The results of this
early work were small platelets or polycrystalline ingots. More recently,
Nelson(3) described a method of growing single crystal GaAs epitaxial layers on
GaAs substrates by cooling a solution of gallium saturated with arsenic. Nelson's
work stimulated a renewed inter6st in the technique and a number of papers,have
recently appeared dealing with solution epitaxy of various III-V compounds and
alloys. On this program, solution epitaxy was applied to the growth of GaSb
from solution in gallium.
22aratuS
Figure 2 is a diagram of the apparatus used in the solution epitaxy of
both GaSb and GaAs. It consists of a 45 mm fused silica tube closed at one
end and fitted with a stainless steel flange. A stainless steel cap is bolted
to the flange. The cap is fitted with feed-throughs for thermocouple tubes
(fused silica), substrate holder, and vacuum or gas port. The solution is con-
tained in a cylindrical, fused silica crucible. The substrate is mounted in a
slot cut in the end of a fused silica tube. With the thermocouple arrangement
illustrated, the temperature of the melt can be measured with the substrate
immersed in, or withdrawn from, the solution. The temperature of the furnace
is controlled by a saturable core reactor.
GaSb Solution F itax
GaSb grown from near stoichiometric melts contains a high concentra-
;;ion of residual acceptor centers (presumably antistructural type defects).
To reduce the acceptor center concentration, it is necessary to pull from
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antimony-rich melts. (' )
 However, to pull good crystals from melts containing
a large excess of antimony is extremely difficult.' The buildup of antimony in
the melt at the crystal-melt interface as crystal growth proceeds leads to an
unstable thermal condition. Extremely slow pulling rates and precise temperature
control, are necessary to avoid dendritic or cellmlar growth. The close proximity
of the eutectic in the Ga-Sb system introduces an additional complicating factor
for melts containing more than about 70 atomic percent antimony.
The growth of a thin epitaxial layer from solution in excess antimony
would appear to offer a means of circumventing the difficulties associated
with the growth of bulk crystals from non-stoichiometric melts. The feasibility
of this idea was tested experimentally.
A thick p-type GaSb layer was deposited on an n-type GaSb substrate
from a solution containing about 80 atomic percent antimony. Undoped, p-type
GaSb (room temperature carrier concentration of about 2 x 10 17cm 3 ) and elemental
antimony of 99.9999+ purity 'were used as starting materials. The GaSb was
briefly etched in CP4 etchant rinsed in deionized water and dried before use.
The antimony was not treated before use. The materials were loaded in the
apparatus and melted under a static hydrogen atmosphere. The melt was maintained
at about 6500C for one hour to insure complete solution. The temperature of the
melt was then adjusted to 6400C, the liquidus temperature of the solution
indicated by the phase diagram of Greenfield and Smith (5) . The substrate
was then immersed anal allowed to "soak" for about 15 minutes. Finally, the
melt was cooled 90C at a, rate of about 20C/hr , and the substrate was then with-
drawn from the solution.
Examination of the deposit revealed the overall thickness of the
layer to be about 700 microns. However, only approximately the initial 50
microns of growth appeared smooth and uniform. Thereafter, the growth became
dendritic with inclusions of the solution between the dendrites. Attempts
to grow thinner layers by cooling the solution only 5°C resulted in growths
0
similar to the one described above. In each case, rather thick layers were
obtained and epitaxial growth broke down after about 50 microns were deposited.
Because of the inclusions, it was not possible to characterize the layers
e
	 electrically.
Although this initial work did not yield epitaxial GaSb layers suitable
for device studies, the results were encouraging. The layers were grown from
solutions from which it has not been possible to pull bulk crystals--i.e., those
of higher antimony content. The initial growth appears to be an epitaxial
single crystal. Because of the unusually high antimony content of the solution,
there is reason to believe that once good epitaxial layers are grown, they will
possess especially low acceptor concentrations.
GaAs Solution Eoitaxy
The technique of growing GaAs epitaxial layers from solution in 	 I
excess gallium is similar to that described for the growth of GaSr layers.
Substrates an-^ immersed in solutions saturated at predetermined temperatures,
and precipitation is brought about by cooling the solutions in some controlled
manner. In this work the effects of starting materials and precipitation conditions
on the electrical properties and physical nature of the layers were investigated.
Gallium of 99.9999+ purity was used as solvent in each case.
In the initial preparation, bulk GaAs (one ohm-cm, oxygen doped) was
used to saturate excess gallium at 800 0Cs An epitaxial layer about 100 microns
thick was deposited on a^l11 semi^^insulating GaAs substrate by cooling the
solution 86°C at a rate of 8-3C/hr. Growth features which were observed under
magnification included hillocks and steps. Electrical-property measurements
revealed good lateral homogeneity, although the material was strongly n-type with
room temperature electron concentration of 1.4 x 1018cm-3 and mobility of
2600 CM /v=sec. It is felt that the source of the donor contaminant responsible
for the high electron concentraticn was the GaAs source material used to saturate
the solution. This source material was a portion of a bulk crystal grown under
oxygen pressure and having a room temperature electron concentration of 1 x 1015cm3.
However, previous work at Battelle has indicated that low- carrier concentration
GaAs grown under an oxygen pressure can still have high silicon content, the
effect of the oxygen being to render the silicon electrically neutral. When
the doped GaAs was dissolved, oxygen was lost from the solution and the effects
of residual silicon became apparent.
A second preparation was therefore carried out in which the use of
bulk GaAs was avoided. Instead J. gallium was saturated with arsenic, obtained
from the reduction of AsCl3• In particular, the arrangement involved bubbling
a, stream of hydrogen through AsCl 3 at room temperature. The gases were then
swept over a fused silica boat containing gallium at about 825 00. When the
gallium was saturated with arsenic, the solution was cooled and transferred to
th.e_ solution-epitaxy apparatus. After the solution had again been heated to
8250C, a 1C I semi-insulating GaAs substrate was immersed and imanediately cooled
200C. After 15 minutes, the substrate was removed. With this growth period,
the substrate was not completely covered and the layer could not be evaluated
electrically.
A subsequent deposit was therefore prepared, using the same solution
as above, but to insure saturation of the solution, a small piece of undoped,
polycrystalline n-type GaAs (room temperature carrier concentration of
5 x 1015cm-3 ) was immersed in the solution at about 825 0C and allowed to dissolve.
t f
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A E1111 semi-insulating substrate was then immersed and allaged to if
	
for
one hour. The temperature of the solution was then reduced 20 00 and after
another 30 minutes the substrate was withdrawn. An epitaxial layer about 100
microns thick was grown. The room-temperature electrical properties of the layer
were as follows:
p (ohm-cm)
	 0.10198
µ (cm2/v-sec)	 5290
n (cm'3 )	 6 x 1016
R (cm3/coulomb)	 -105
The carrier concentration obtained in this case is comparable to that obtained
in vapor deposited layers using the same AsCl 3 - This reduction in carrier concen-
tration of 1-1/2 orders of magnitude over that obtained previously tends to
support the hypothesis that donors were introduced via the GaAs source materials
in the first deposit.
Inasmuch as substrate orientation is known to influence the nature of
the epitaxial layer, a Layer was grown on a ^100^ semi-insulating GaAs substrate.
The solution and procedure gust described were also used in this run. The growth,
however, was found to be dendritic, with inclupions of the solution. It would
appear the different precipitation rates are necessary to produce smooth layers
on the ^100^ surface.
Overall, results of the solution grovrths suggest that the carrier
concentration of the epitaxial layers depends primarily on the purity of the
starting materials. High-purity starting materials are required to produce low
carrier concentration layers. The growth features of all the solution-grown
layers were similar. The existence of concentric ares,similar in appearance to
the cross-section of a tree trunk, is a particularly striking feature of the
layer, surfaces. In general, the surfaces of the solution-grown layers were not
so smooth as those obtained by vapor deposition methods.
I'
Conclusions and Recommendations
In the investigations of chemical vapor deposition of GaAs, recent
results indicate that major sources of acceptor impurities have been identified
and that beneficial steps were taken to eliminate or minimize them. High-
purity epitaxial layers of GaAs were recently deposited on semi-insulating
substrates and electrical properties evaluated. For example, room temperature
cm /v-sec
values n = 2 x 10 cm 3 and p = 5900 /were measured. Unfortunately no companion
substrate of the doped variety was in the system for this run, which also exhausted
the lot of AsCl 3 (Baker and Adamson). A subsequent run, using different AsCl3
ASARCO) yielded material of carrier concentration in the 1016cm-3
 range.
However, there are now convincing reasons for believing that other lots of AsCl3
will yield wafers suitable for Gunn devices. Future investigations on vapor
deposition would therefore probably be shifted to such areas as improvement
of the surface finish of the epitaxial layers and studies of their homogeneity.
The initial investigations of solution epitaxy techniques were
gratifying--	 especially the success with the GaSb
deposits, inasmuch as this material is almost universally produced by melt-growth
techniques. It does not yield readily to CVD methods. Thus solution epitaxy offers
a means of circumventing the difficulties inherent in growing large crystals from
non-stoichiometric melts. With the development of the method, it should be
possible to grow layers from solutions of compositions very near the antimony-
rich eutectic of the Ga-Sb system. mhis should result in layers of low residual-
acceptor concentrations, with subsequent need for minirmum n-type doping.
The advantages of solution epitaxy applied to the preparation of GaAs
are not so clear cut. In this case, device-quality material can be prepared
by CVD methods. However, the simplicity of solution epitaxy lessens the chances
of contamination and should lead to better reproducibility. In particular, the
possibility of high-resistivity interfacial layers is essentially eliminated.
.w
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At the present stage of development, however, there is a definite need for improve-
ment of the surface character of the deposits and ., in the case of GaSb, for
Y
tendencies toward dendritic growth as the thickness of the layer increases.
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TIT. ELMURICAL PROPERTI,gS OF SPEOVENS
A
The pertinent electrical properties of all samples sent to NASA-M
under the present contract are shown in Table 1. Data for the epitaxial GaAs
samples were obtained from companion samples for which the epitaxial Layers
were grown on Cr-doped semi-incul.ating GaAs substrates. For the vapor-deposited
series 3X2.543 through 41,12431 1.2, the measurement samples had a cloverleaf
geometry and data were obtained by means of the Van der Fauw technique. The
measurement camp*,I o corresponding to solution--grown wafer 651-LP138 was in the form
of a conventional, bridge-shaped Hall. element. 	 Data for the bulk GaSb specimen
were obtained on a recta,naular parallelepiped. T.n all cases a magnetic field
of 8770 gauss was used for the Hall effect measurements, Conventional d. c.
potentiumetric techniques were employed, using a constwit current source in
conjunction with either a Leeds and Northrup K-3 potentiometer or, for high
resistance samples, a Keithly model. 610 electrometer. The data in Table I
indicate that the GaAs samples are We
	
purity to satisfy the general
requirements upon resistivity (p 0„l- y,0.R.cra) and mobility (µ > 5400 cn2/V-sec)
for bulk oscillator applications. Cc, addition to the above-mentioned requirements,
however, it is also necessary that the raterial be relatively free from defects
or impurities which introduce deep levels in the upper half of the forbidden
s
gap. If this requirezent is not met, and if the room temperature conductivity
is controlled by a deep level., the resulting devices are likely to exhibit
current runaway at sub-threshold fields, thereby precluding their operation as
a bulk oscillator. In order to reveal the presence of any such deep levels,
measurements of Hall, coefficient (%), and resistivity (p), were obtained as a
function of terriperature between 77 and 300°K on selected samples. No evidence
f
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'SABLE 1. ROW-TL'M BRA's' RE ELECTRICAL PRGPERT.VS OF
SA14PLES SENT TO NASA«ERC
l+wrw r^+ww.^.w.^
Sample	 n	 p	 µ	 Substrate
	 Ereparatlon t
GaAs 1M 21543 30c 'x 1.37 x 1015
 0.649 7030 Si doped; p - 19 5 x 10"3
	CVD
77 K	 1. 28 x 10 5 o.168 29, 100
►' 24 26948 3020  ?.4 x 1014 1.12	 7450 Te doped; p 8.9 x 10 "4	 CVD A
77 K	 "(.18 x 10	 0.227 38, 300
314 11548 302 K 5.3 x 10'L5 	0. 182 6500 Te doped; p = 1 x 10 -3 	CVD	 !G , 6,
77 K	 X.--	 ..r
W 24342 3020K 3.20 x 1015 0.310 6290 Te doped; p = 1 x 10 3	 CVD	 I,
77 K	 2.51 x 10	 0.117 31,300
' ► 6w-LP138 3020 K 4.34 x lo14 1..94
	 7400 Si doped; p = 2 x lC3	 solution
77	 4.o8 x to 	0.31	 49,000	 ep i.taxy
GaSb 5BGS-18672" 300oK 1•.55 x 1016 0.085 4''(50	 melt grown
77 K 2.62 x l.0	 0.0681
0
Ifnr deep levels was observed for any of the samples appearing in Table I.
Examples of the temperature dependence of RH
 and p"for epitaxial samples appear
in Figures 1 and 2, respectively, for both a vapor deposited W21543) and a
solution-grown Owu138) layer. It may be seen from the figures that R  and
hence n aG is relatively insensitive to temperature and that the resistivityRH
is a monotonically increasing function of temperature for moth samples. This
behavior was characteristic of all n-type Gal!o epitaxial layers examined under
the present contract.
Dee, levels did prove to be a serious problem, however, in the 02
dosed bulk GaAs (crystal MB 1322, hat , :ng a rornn-temperature resistivity of
around 1 ohm-cm). The temperature dependence of RH and p for a parallelepiped
sample cut from this crystal is shown in Figure 3. In contrast with the behavior
observed in epitaxial samples (Figs. 1 and 2), both RH and p decrease rapidly
with ?,ncreasiijg temperature for the bulk sample, indicating that the conductivity
is controlled by a deep-lying impurity or defect. A semi-logarithmic plot of
Aa
"'HT 3/2 vs reciprocal temperature for the sample appears in Fig. 4. From the
slope of this curve at low temperatures, the energy level is estimated to be
0.27 ev below the conduction band edge. It is clear from the data that the
exhaustion region corresponding to	 = n ND-NA has not been reached atRR
room temperature, and that this material would not be suitable for bulk micro-
wave oscillator applications.
Attempts were ina,de to negate the effects of the 0.27 ev Level by annealing
samples at elevated temperatures. Woodall and Woods(') have successfully
converted semi-insulating 02 doped GaAs to semiconducting GaAs with resistivities
in the range .5 - 103
 ohm-cm by this technique. Similarly, Fertin et al. (7)
accomplished an apparent removal of a deep (0.01-0.200 ev) level by annealing.
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However, Wbodall's work can apparently be explained solely on the basis of
preci,)itation of unidentified compensation acceptors. The resultsof Fertin
t a1. suggest a simultaneous disappearance of both compensating acceptors
(presumed to be lattice defects) and deep donor levels. In the present case,
With the use of techniques essentially identical to those described in References
(6) and (7), samples were found to convert to semi-insulating GaAs after 48-hour
anneals at either 750 or 8000C. There are two possible explanations for our
results.
(1) Sufficient contamination (probably copper) occurred
during annealing to override the desired effect and to
increase the concentration of compensating centers,in spite
of the precaution taken to exclude foreign acceptor
impurities such as copper. The precautions included
the use of Spectrosil ampoules, chelating agents, and
high-purity water rinses.
(2) The equilibrium concentration of chemical acceptor
impurities in the as-grown crystal, was sufficiently high that
Fertin's model could still apply. That is, the 0.27 ev
level and acceptor defects could have been annealed
out by the 750 or 800 0C treatments. If the concentration
of remaining chemical acceptor impurities exceeded the
shallow donor concentration, however, semi-insulating material
would still result.
At present, there is insufficient e =-,icdence to choose between these two
possibilities.
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Returning now to the epitaxial samples listed in Table I, it has already
been mentioned that insofar as electrical properties are concerned, these samples
appeared satisfactory for bulk oscillator applications. It was subsequently
learned, however, that the wafer 2M26948 possessed a high-resistivity interfacial
layer between the epitaxial deposit and the doped substrate, rendering it
useless for Gunn devices. It is to be pointed out that this wafer involved a
Te-doped substrate, in contrast to the silicon doping in wafer IM. Inasmuch
as other investigators have noted difficulties in the case of Te doping, there
alight be a tendency to conclude that the use of Te should be avoided. This would
be at variance, however, with the findings reported by Wolfe et 1. (8) who
obtained better results with Te or Se doped substrates. In their work, the use
of Si doped substrates generally resulted in impurity gradients in the epi
layers and high-resistance regions which adversely affected device performance.
The problem of high-resistance regions and impurity gradients in the epitaxial
layers is obviously one requiring further investigation.
It was learned that the final GaAs sample in Table I, namely the
solution grown layer (6W-LP138) could not be fabricated into suitable devices
primarily because of the degree of surface roughness. It is felt that this
condition can be alleviated by adjusting growth conditions. If not, it ray be
necessary to grog
 relatively thicker layers so that the surface can be mechanically
and chemically smoothed..
B
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